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SUMMARY 
A gas analyzer u t i l i z i n g  a nondispersive i n f r a r e d  abso rp t i on  ( N D I R )  detec- 
t i o n  system was used t o  moni tor  t he  ammonia and water vapor content  o f  the 
products o f  a p r e v i o u s l y  unused hydrazine gas generator.  
s i t u  measurement o f  t he  generators '  e f f i c i e n c y  d i f f i c u l t  t o  o b t a i n  by other  
means. 
systems, requ i red  no maintenance other than p e r i o d i c  zero adjustments, and 
performed w e l l  f o r  extended per iods i n  the  opera t i ng  range tes ted .  
This  prov ided an i n -  
The analyzer was e a s i l y  i n s t a l l e d  i n  both the c a l i b r a t i o n  and hydrazine 
The c a t a l y s t  bed operated smoothly and repeatably  d u r i n g  the 28 h r  o f  
t e s t i n g .  No major t r a n s i e n t s  were observed on s t a r t u p  o r  d u r i n g  steady s t a t e  
ope ra t i on .  The amount o f  ammonia I n  t h e  output  stream o f  t he  gas generator was 
found t o  be a s t rong f u n c t i o n  o f  temperature a t  c a t a i y s t  bed temperatures beiow 
450 "C. A t  temperatures above t h i s ,  t he  e f f i c i e n c y  remained n e a r l y  constant.  
On s t a r t u p  the  gas generator e f f i c i e n c y  was found t o  decrease w i t h  t ime u n t i l  
a steady s t a t e  value was a t t a i n e d .  Elevated c a t a l y s t  bed temperatures i n  the 
per iods be fo re  steady s t a t e  operat ion was found t o  be respons ib le  f o r  t h i s  
phenomena. 
INTRODUCTION 
L i q u i d  hydrazine i s  e a s i l y  s to rab le  i n  space and can be decomposed exo- 
the rma l l y  t o  produce a gaseous mixture.  These two q u a l i t i e s  have made i t  the 
p r o p e l l a n t  o f  choice i n  a number o f  space-based p r o p u l s i o n  systems. Appl ica-  
t i o n s  range from the r e l a t i v e l y  h igh  t h r u s t  (about 10 t o  1300 N) rocke ts  used 
i n  a t t i t u d e  c o n t r o l ,  o r b i t  co r rec t i on ,  and s t a t i o n  keeping ( r e f s .  1 and 2) t o  
t he  very low t h r u s t  (100 t o  450 mN) r e s i s t o j e t s  used i n  nor th-south s t a t i o n -  
keeping ( r e f .  3) .  Recently, h i g h  performance a r c j e t s ,  t o  be run w i t h  e x i s t i n g ,  
space q u a l i f i e d  hydrazine p r o p e l l a n t  systems, have been proposed f o r  the l a t t e r  
miss ion ( r e f .  4 ) .  
Monopropellant l i q u i d  hydrazine p r o p e l l a n t  feed systems employ a gas 
generator t o  conver t  t he  hydrazine t o  a gaseous m i x t u r e  o f  hydrogen, n i t rogen ,  
and ammonia. While many types o f  gas generators e x i s t ,  t he  most common a re  
c a t a l y s t  beds employing noble metals on an i n e r t  support .  These a re  termed 
spontaneous c a t a l y s t s  as the hydrazine c a t a l y s i s  i s  i n i t i a t e d  immediately upon 
con tac t  and w i t h  no need f o r  hea t ing  f rom an e x t e r n a l  source. By f a r ,  the 
m o s t  u s e f u l  t o  date has been the Shel l  405 m a t e r i a l ,  f i r s t  in t roduced i n  1963 
( r e f .  5 ) .  The decomposit ion process has been e x t e n s i v e l y  reviewed by Schmidt 
( r e f .  6 ) .  While the decomposit ion i s  bes t  modeled by a two-step r e a c t i o n  
scheme, the c a t a l y s t  bed output  a t  any p o i n t  i n  t ime i s  g iven by the equat ion:  
This paper Is declared I work of the U.S. Government and is 
not subject to copyright protection in the United States. 
where x i s  t h e  ammonia d i s s o c i a t i o n  f r a c t i o n .  The amount o f  ammonia remain- 
i n g  i n  the  e x i t  stream o f  t h e  gas generator i s  used as a measure o f  t h e  gener- 
a t o r ' s  e f f i c i e n c y .  
Several degradat ion mechanisms have been i d e n t i f i e d  which cause the  
e f f i c i e n c y  t o  vary w i t h  t ime ( r e f .  6) ,  and u l t i m a t e l y  represent  the  l i m i t i n g  
f a c t o r  i n  system l i f e t i m e .  Ca ta l ys t  bed e f f i c i e n c y  i s  a l s o  dependent on fac-  
t o r s  such as f l o w  ra te ,  which va r ies  over the  course o f  a t y p i c a l  m iss ion  due 
t o  blowdown pressure changes. Since performance determin ing f a c t o r s  such as 
average molecular weight (as determined by composi t ion) depend on t h e  e f f i -  
c iency o f  t he  gas generator,  i t  i s  impor tant  t o  understand i t s  var iance w i t h  
t ime i n  t h r u s t e r  systems c u r r e n t l y  i n  use. For the  a r c j e t ,  v a r i a t i o n  i n  
c a t a l y s t  bed output i s  p a r t i c u l a r l y  impor tan t  as smal l  v a r i a t i o n s  i n  p r o p e l l a n t  
cornposition have been shown t o  a f f e c t  t he  vo l tage/cur ren t  c h a r a c t e r i s t i c s  o f  
t he  t h r u s t e r  ( r e f .  7 ) .  Also, i t  i s  o f t e n  convenient t o  t e s t  t h e  a r c j e t  w i t h  
hydrogen/ni t rogen/amonia mix tu res  s imu la t i ng  hydrazine. For t h i s  t o  be v a l i d ,  
the m ix tu re  r a t i o  must be known as a func t i on  o f  bo th  f l o w  r a t e  and t ime. 
Therefore,  t h e  a b i l i t y  t o  analyze the  composi t ion o f  t h e  c a t a l y s t  bed products.  
a t  d i f f e r e n t  f l o w  ra tes  over t ime i s  impor tan t  t o  the  a r c j e t  a p p l i c a t i o n .  
A number o f  methods e x i s t  t o  determine the  composi t ion o f  the  ou tpu t  of a 
c a t a l y s t  bed. Typ ica l l y ,  samples are taken p e r i o d i c a l l y  and c a r r i e d  t o  a mass 
spectrometer o r  gas chromatograph f o r  analyses. These methods a re  accurate,  
bu t  inconvenient ,  as they do no t  lend themselves t o  r a p i d  turnaround. I n  one 
study, a mass spectrometer and remote sampling dev ice were used t o  sample 
t h r u s t e r  exhaust gases ( r e f .  8 ) .  Because s to ich iomet ry  o f  t he  decomposition 
process I s  known, de terminat ion  o f  any o f  t he  th ree  products  f u l l y  determines 
the  cornposition o f  the  output .  Many methods have been developed f o r  t he  ana l -  
y s i s  o f  gaseous ammonia, bu t  most o f  these are  bes t  s u i t e d  f o r  t r a c e  q u a n t i t i e s  
( r e f s .  9 and 10 ) .  Nondispersive i n f r a r e d  absorp t ion  (NDIR) represents  a s imple 
method f o r  the  analys is  o f  ammonla as a major c o n s t i t u e n t  (> l  percent  by mole 
or  volume). 
I n  the present study, a commercially a v a i l a b l e  I R  system was i n s t a l l e d  i n  
an e x i s t i n g  hydrazine system f o r  the  i n - s i t u  ana lys i s  o f  ammonia i n  the  ca ta-  
l y s t  bed exhaust. A f t e r  c a l i b r a t i o n  o f  t he  u n i t ,  a new spontaneous c a t a l y s t  
bed was tes ted  for more than 28 h r  accumulated over seven separate t e s t  per iods  
and a t  var ious f l o w  ra tes .  A separate channel a l s o  monitored the  water vapor 
f r a c t i o n  i n  the  output stream. 
APPARAl  US 
A se l f -conta ined hydraz ine system was used i n  t h i s  study. The system can 
be d i v i d e d  I n t o  3 subsystems: the  c o n t r o l  and s a f e t y  subsystems, the  hydraz ine 
feed subsystem and the  gas ana lys i s  u n i t .  A photograph o f  t he  e n t i r e  exper i -  
mental system i s  shown i n  f i g u r e  1 and a s i m p l i f i e d  schematic diagram i s  shown 
i n  f i g u r e  2. 
The c o n t r o l  and sa fe ty  subsystem inc luded 2 i n t e r l o c k s  t o  shut down the  
system i n  the event o f  a hydraz ine leak .  The f i r s t  of these t i e d  i n t o  the 
v e n t i l a t i o n  sys tem.  An exhaust fan,  r a t e d  a t  4215 l i t e r / m i n ,  was i n s t a l l e d  t o  
draw a l r  through both the  feed system conta iner  and the  rack t h a t  he ld  the  gas 
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a n a l y s i s  un i t .  
p l e d  t h e  exhaust duct.  
de tec t i on .  Hydrazine vapor produces a c o l o r  change i n  t h e  paper and t h i s  
change i s  sensed o p t i c a l l y .  I n  t h e  event o f  a leak,  t he  i n t e r l o c k  was c o n f i g -  
ured t o  sound an aud ib le  alarm, shut o f f  t he  f l o w  o f  l i q u i d  hydrazine and f l o o d  
t h e  hydraz ine feed conta iner  w i t h  water t o  d i l u t e  any l i q u i d  hydrazine. 
second i n t e r l o c k  was keyed t o  the  temperature o f  t h e  i n l e t  tube a t  t h e  gas 
generator.  Excessive heat soakback from t h e  gas generator could cause t h e  
hydrazine t o  b o i l  i n  the  feed tube before reaching the  gas generator and thus 
c rea te  an exp los ion  hazard. The temperature s e t  p o i n t  on the  i n t e r l o c k  r e l a y  
was s e t  t o  a p o i n t  below the  113.5 "C b o i l i n g  p o i n t  o f  hydrazine. 
was w i red  t o  shut down the  f l o w  o f  l i q u i d  hydrazine i f  t h e  l i m i t  were exceeded. 
A c o m e r c i a l l y  a v a i l a b l e  hydrazine de tec to r  cont inuously  sam- 
I n  t h i s ,  chemical ly t r e a t e d  paper i s  used f o r  l eak  
The 
The r e l a y  
The c o n t r o l  and sa fe ty  subsystems a l s o  Inc luded ins t rumen ta t i on  t h a t  d i s -  
p layed several  experimental parameters and cond i t i ons .  Temperature measure- 
ments were taken both i n  the center  o f  t h e  gas generator body and on t h e  i n l e t  
tube. For these, c a l i b r a t e d  chromel-alumel thermocouples were used. Pressure 
readings both upstream and downstream o f  t h e  gas generator were a l s o  displayed. 
The hydrazine feed system conslsted o f  a s t a i n l e s s  s t e e l  hydrazine c y l i n -  
der,  a mechanical roughing pump and the gas generator.The hydrazine c y l i n d e r  
#as pressur ized by a c y l l n d e r  o f  htgh p u r t t y  c t t r o g e n  afid t he  II mzc-a I  ugen s i ipply  
could a l s o  be used t o  purge t h e  system. The mechanical roughing pump was used 
t o  evacuate t h e  system du r ing  the  purges o f  t h e  system performed a t  s t a r t u p  and 
shutdown. 
length.  
of 1 .24~108  N/m2. 
The hydrazine c y l i n d e r  was 16.8 cm i n  diameter and 86.4 cm i n  
The c y l i n d e r  w a l l  was 1.9 cm t h i c k  and had a r a t e d  working pressure 
To i n s u r e  hydrazine c o m p a t i b i l i t y ,  s t a i n l e s s  s t e e l  f i t t i n g s  and feed 
l i n e s ,  and s t a i n l e s s  s t e e l  valves w i t h  T e f l o n  s e a l i n g  surfaces were used 
throughout the  system. S ta in less  s tee l  so lenoid valves were used both t o  open 
the  hydraz ine b o t t l e  and f o r  p r e s s u r i z a t i o n  o f  t h e  c y l i n d e r .  
The gas generator was a commercially a v a i l a b l e  u n i t  t h a t  used S h e l l  405 
as the  spontaneous c a t a l y s t .  
a copper heat s i n k  and a s h o r t  decomposition chamber c o n t a i n i n g  t h e  c a t a l y s t .  
The generator was plumbed i n t o  the  feed system downstream of a needle va lve 
used t o  p rov ide  c o n t r o l  o f  t he  hydrazine mass f l o w  r a t e .  
The u n i t  cons is ted o f  a c a p i l l a r y  i n l e t  tube w i th  
For a p p l i c a t i o n  t o  hydrazine decomposition product ana lys i s ,  a nondisper-  
s i v e  i n f r a r e d  (NDIR) system was chosen. This  system had two channels i n  a 
se r ies  f l o w  path, one f o r  ammonia and one f o r  water vapor. A s i m p l i f i e d  sche- 
mat ic  f o r  one channel i s  shown i n  f i g u r e  3, except f o r  i t s  e l e c t r o n i c s .  I n  t h e  
analyzer,  l i g h t  f rom the  I R  source i s  s p l i t  i n t o  t w o  beams o f  equal I n t e n s i t y  
and these a r e  d i r e c t e d  down two i d e n t i c a l  o p t i c a l  paths l ead ing  t o  a de tec to r .  
The reference pa th  contains a sealed reference c e l l  c o n t a i n i n g  a gas t h a t  does 
n o t  absorb i n  t h e  I R  w h i l e  the  sample pa th  conta ins a sample c e l l  through which 
t h e  stream o f  hydrazine decomposition products f lows (0.5 t o  2.5 lpm). I n  each 
channel, t h e  de tec to r  i s  made up o f  two compartments connected by a f l o w  pas- 
sage. Only the  i n n e r  de tec to r  compartment i s  s t r u c k  by the  source r a d i a t i o n .  
A l i g h t  chopper i s  used t o  b r i n g  l i g h t  a l t e r n a t e l y  f rom t h e  sample and r e f e r -  
ence beams t o  t h i s  compartment. Thus, a f u l l  de tec to r  c y c l e  cons is t s  o f  a 
re ference h a l f - c y c l e  and a sample hal f  cyc le .  
sealed and f i l l e d  w i t h  the gas under t e s t ,  i n  t h i s  case ammonia on one channel, 
The de tec to r  i s  completely 
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and water vapor on the other .  
d i scuss ion  w i l l  concern on ly  the  ammonia channel. 
operates i n  a s i m i l a r  manner. 
For the  purpose o f  i l l u s t r a t i o n ,  t he  f o l l o w i n g  
The water vapor channel 
Ammonia i s  the on ly  I R  absorber i n  t h e  system. As no ammonia i s  present  
i n  the  reference path, no absorpt ion occurs on the  reference h a l f - c y c l e  u n t l l  
t he  source r a d i a t i o n  s t r i k e s  the ammonia-containing de tec to r  c e l l .  The 
absorbed r a d i a t i o n  heats the  gas i n  t h e  i nne r  d e t e c t o r  compartment, t h e  pres- 
sure I n  t h i s  compartment r i s e s ,  and f l o w  i n  the  tube connect ing the i n n e r  and 
outer  de tec to r  compartments i s  sensed. If no ammonia i s  present  i n  t h e  sample 
compartment (e -g . ,  I f  pure n i t r o g e n  i s  being used t o  purge the  system) t h e  same 
amount o f  source r a d i a t i o n  heats t h e  de tec to r  d u r i n g  t h e  sample h a l f  c y c l e  and 
the same f l o w  i s  sensed. If, however, ammonia begins t o  en te r  t he  sample 
stream, the  amount o f  hea t ing  i n  the  de tec to r  d u r i n g  t h e  sample h a l f  c y c l e  
decreases w i t h  respect t o  t h a t  seen i n  the  reference h a l f  cyc le .  This leads 
t o  a drop i n  f l o w  i n  the connect ing tube d u r i n g  the  sample h a l f - c y c l e  as com- 
pared t o  t h a t  sensed du r ing  the reference h a l f - c y c l e .  
l l n e a r l y  dependent on the  concentrat lon o f  ammonia i n  the sample stream. 
This decrease i s  
The s p e c i f l c a t i o n s  g iven i n  tab les  I and I1 a r e  manufacturer generated. 
The u n i t  a l lowed two f u l l  sca le ranges f o r  each gas. The concen t ra t i on  ranges 
chosen f o r  t h i s  a p p l i c a t i o n  were 0 t o  30 percent,  swi tchable t o  0 t o  50 percent  
f o r  t h e  ammonia channel, and 0 t o  5 percent,  swi tchable t o  0 t o  10 percent  f o r  
the water vapor channel. 
As  noted i n  the r e s u l t s ,  the accuracy o f  t he  gas analyzer was guaranteed 
on ly  f o r  f l o w  rates between 0.5 and 2 .5  lpm. Because o f  t h i s ,  t he  analyzer  
system was plumbed i n t o  the system as shown i n  f i g u r e  4. A commercial ly 
a v a i l a b l e  thermal c o n d u c t l v i t y  f l o w  meter was i n s t a l l e d  i n  the  system j u s t  
upstream o f  the analyzer t o  g i v e  a rough i n d i c a t i o n  o f  the volume f l o w  r a t e  
i n t o  the u n i t .  I n  t h i s  arrangement, the f l o w  could be s p l i t  between the 
analyzer and the  vent  l i n e  t o  keep the f l o w  t o  the  analyzer below 2.5 lpm when 
the t o t a l  f l o w  f r o m  the gas generator exceeded t h i s  l i m l t .  To p r o t e c t  t he  
quar tz  1 R  c e l l s ,  the e f f l u e n t  from the  analyzer was exhausted d i r e c t l y  t o  
atmosphere and the temperature upstream o f  the u n l t  was monitored cont inuously  
t o  i n s u r e  the  manufacturer s p e c i f i e d  value o f  65 OC was no t  exceeded. 
A separate f a c i l i t y  was used i n  the  i n i t i a l  c a l i b r a t i o n s  o f  t he  gas 
analyzer system. This has been descr ibed i n  d e t a i l  elsewhere ( r e f .  7 ) .  
B r i e f l y ,  t h i s  was a smal l ,  c y l i n d r i c a l  vacuum b e l l  j a r  (1.16 cm i n  diameter and 
1 . 5 5  cm h jgh )  pumped by a l a r g e  mechanical pump (20 700 slpm). A commercial ly 
a v a i l a b l e ,  mult ichannel  mass f l o w  c o n t r o l l e r  was used t o  c o n t r o l  the f l o w  of 
gases from cy l i nde rs  con ta in ing  n i t r o g e n  and m ix tu res  o f  n i t rogen ,  hydrogen and 
ammonia. These were mixed on a f l o w  panel before e n t e r l n g  the gas analyzer .  
The o u t l e t  of the analyzer was exhausted i n t o  t h e  b e l l  j a r .  
PROCEDURE 
Before the  I n i t i a l  c a l i b r a t i o n  procedure f o r  t h e  N D I R  u n i t  was performed, 
both the  n i t rogen  mass f l o w  c o n t r o l l e r  and the c o n t r o l l e r  used f o r  t h e  ammonia, 
hydrogen and n i t rogen  mixtures were c a l i b r a t e d  i n d i v i d u a l l y .  Some u n c e r t a i n t y  
ex i s ted  i n  the  c a l i b r a t i o n  o f  the mixtures as the  f l o w  c o n t r o l l e r  was n o t  made 
f o r  these gases. This i s  discussed i n  more d e t a i l  i n  t h e  nex t  sec t i on .  To 
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vary t h e  ammonia conten t  i n  t h e  stream, t h e  f l o w  s e t t i n g s  on t h e  i n d i v i d u a l  
channels were s imply va r ied  t o  produce t h e  des i red  mix tu re .  P r i o r  t o  t e s t i n g  
i n  t h e  hyd iaz ine  f a c i l i t y ,  t h e  sa fe ty  i n t k r l o c k s  on t h e  hydrazine system were 
checked, t h e  hydrazine de tec to r  was turned on, and n i t r o g e n  was purged through 
t h e  analyzer t o  e l i m i n l a t e  any ammonia o r  water vapor remaining i n  t h e  l i n e s  
f rom previous t e s t s .  
mon i to r  t h e  ins t rumenta l  d r i f t ,  t h e  channels were n o t  rezeroed as a ma t te r  o f  
course. Values obtained d u r i n g  t h e  n i t rogen  purge a f t e r  each experiment were 
s imply subt rac ted  f rom t h e  values obtained d u r i n g  t h e  experiment t o  g i v e  t h e  
values repor ted  here in .  
The hydrazine c y l i n d e r  was pressur ized t o  about 1 . 7 ~ 1 0 ~  N/m2 (25 p s i a )  
w i t h  u l t r a p u r e  n i t r o g e n  (99.9995 percent) .  Once pressur ized ,  t h e  hydraz ine  
f l o w  was i n i t i a t e d  v i a  a needle valve, which c o n t r o l l e d  t h e  t o t a l  mass f l o w  
r a t e  t o  t h e  c a t a l y s t  bed. Changes i n  mass f l o w  r a t e  were monitored w i t h  t h e  
f lowmeter downstream o f  t h e  c a t a l y s t  bed and a l s o  by changes i n  t h e  temperature 
o f  t he  c a t a l y s t  bed. Flow ra tes  above 2.5 lpm were handled by s p l i t t i n g  t h e  
f l o w  between t h e  analyzer and exhaust vent as noted i n  t h e  previous sec t i on .  
Dur ing t h e  course o f  t he  t e s t i n g ,  f l ow  r a t e s  between about 0.5 and 7.0 lpm were 
used. 
I n l t i a l  analyzer readings were recorded. I n  o rde r  t o  
!&!le data were recorded a t  selected Intervals, the  data  reported as 
steady s t a t e  were taken on ly  a f t e r  e q u i l i b r i u m  values, a t  any s e t  f l o w  ra te ,  
were obtained. 
Upon complet ion o f  each t e s t  session, t he  hydrazine f l o w  was stopped by 
r e l e a s i n g  t h e  n i t r o g e n  pressure on the c y l i n d e r  and c l o s i n g  t h e  approp r ia te  
valves. The c a t a l y s t  bed was al lowed t o  coo l  t o  near room temperature t o  
assure t h a t  a l l  r eac t i ons  had ceased. The system downstream o f  t h e  hydrazine 
c y l i n d e r  was then purged thorough ly  w i t h  n i t rogen ,  as was the  analyzer,  t o  
check t h e  pos t  t e s t  readings. 
vent l i n e  t o  i nsu re  t h a t  no oxygen contamination o f  t h e  c a t a l y s t  cou ld  occur. 
The gas generator was l e f t  i s o l a t e d  f rom the  
RESULTS AND DISCUSSION 
Ca 1 'I b r a t  i on 
For c a l i b r a t i o n  of t h e  analyzer,  two s p e c i a l t y  gas mix tu res  o f  ammonia, 
hydrogen and n i t r o g e n  were purchased from a commercial source. By volume, one 
m i x t u r e  contained 10.07 percent ammonia, 44.96 percent hydrogen, and 
44.97 percent n i t rogen,  w h i l e  t h e  other contained 19.93 percent ammonia, 
40.08 percent  hydrogen, and 39.99 percent n i t rogen .  The composit ions were 
determined g r a v i m e t r i c a l l y  by t h e  supp l ie r .  When run  d i r e c t l y  i n t o  t h e  gas 
analyzer,  t h e  f i r s t  m ix tu re  produced readings o f  9.9 t o  10.1 percent  ammonla 
over t h e  manufacturers s p e c i f i e d  range o f  f l o w  ra tes .  A sw i t ch  t o  t h e  second 
m lx tu re  produced readings s l i g h t l y  higher than expected. A t  lower f l o w  ra tes ,  
t he  ana lyzer  showed 20.5 percent and t h i s  rose t o  20.7 a t  t he  h i g h  end o f  t he  
a l l owab le  f l ow  r a t e  range. This o f f s e t  was n o t  due t o  a zero d r i f t ,  as the  
u n i t  showed no t r a c e  o f  ammonia dur ing t h e  purges w i t h  u l t r a p u r e  n i t r o g e n  per-  
formed bo th  be fore  and a f t e r  t he  t e s t .  Two explanat ions e x i s t :  e i t h e r  t h e  
u n i t  a c t u a l l y  gave a h i g h  reading, o r  t h e  gas m ix tu re  was s l i g h t l y  o f f  i t s  
spec i f l ed  value. As  no independent check was run  on t h e  gas mix tu re ,  n e i t h e r  
exp lana t ion  can be p o s i t i v e l y  r u l e d  out. Fur ther  t e s t s  w l l l  be performed, bu t ,  
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at worst, this represents a 2 to 3 percent relative error in the unit's accu- 
racy. 
to the mixtures in order to vary the ammonia concentration in the flow to the 
analyzer. In the figure, the percentage of amnonia in the flow stream calcu- 
lated from the flow meter readings is plotted versus the values observed on the 
gas analyzer. Ideally, this test should have produced a straight line with a 
slope of unity. While the data was very linear, the slope was calculated to 
be only 0.87. The error In the slope is probably due to uncertainty in the 
calibration of the mass flow controller through which the mixtures were passed. 
This meter was not designed for use with this mixture but rather for pure 
ammonia. The fact that the analyzer gave reasonably accurate readings with the 
pure mixtures is further evidence of an error in the mass flow controller 
calibration. The linearity of the data indicates that the flow controller did 
read linearly with increasing flow rate and that the analyzer functioned prop- 
erly over the range tested. 
Shown In figure 5 are data from tests in which nitrogen gas was added 
Gas Generator Tests 
The gas generator was tested during eight separate test periods, on eight 
separate days, spread out over almost 3 months. The gas analyzer was left on 
for the majority of this period to provide an opportunity to check the long- 
term zero drift of the instrument. As expected, a small amount of drift was 
observed, but this was well within the manufacturers specifications. For 
periods of 24 hr or less, the drift observed was negligible. 
In the first test, the hydrazine flow control valve was set to a specific 
point and the system was allowed to come to equilibrium. Small adjustments in 
the valve setting were necessary to maintain a constant flow rate remains con- 
stant before a steady state reading was attained. The gas generator functioned 
smoothly throughout this brief test (approximately 1.5 hr) as no large excur- 
sions in temperature or flow rate were observed. In the next six tests, the 
system functioned in a similar manner. In these, flow rate was varied over a 
wide range In order to observe the effects of temperature on the composition 
of the gas generator output. Data from these seven test periods are presented 
i n  figure 6. Here it can be seen that up to about 460 O C ,  the'percentage of 
ammonia is strongly dependent on the temperatures of the catalyst bed. At low 
flow rates, where the bed temperature was between 280 and 300 O C ,  the output 
was well over 30 percent ammonia by volume. Between 280 and 400 "C, the 
decrease in the amount of ammonia was nearly linear with temperature, falling 
to about 18 percent at 400 O C  with the percentage of ammonia reaching a mini- 
mum of about 10.8 at 470 O C .  Very 1ittle.change was noticed over the next 50". 
The temperature of the catalyst bed became convection limited at approximately 
520 O C ,  so further increases in temperature via increases in the flow rate were 
not possible. 
Further increases in flow, however, did not decrease the gas generator's 
efficiency as the ammonia content remained nearly constant (slightly below 
1 1  percent) to flow rates exceeding 0.06 g/sec. From this, it is apparent that 
flow rates o f  this magnitude did not cause overloading of the gas generator. 
This is a condition in which the mass flow per unit cross sectional area is 
high enough to overwhelm the active catalyst sites. Had this occurred, the 
efficiency would have decreased with increasing mass flow rate. 
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Some v a r i a t i o n  i n  the  day-to-day ou tpu t  o f  t h e  gas generator,  under a 
g i ven  s e t  o f  cond i t i ons ,  d i d  e x i s t .  The s c a t t e r  i n  the  da ta  taken w i t h  the  
temperature near 385 O C  i s  t h e  best example o f  t h i s .  
t h e  data taken f a l l s  a t  a p o i n t  expected f rom an e x t r a p o l a t i o n  o f  t h e  da ta  
taken a t  lower c a t a l y s t  bed temperatures, t h e r e  i s  a s c a t t e r  o f  about 
+_2 percent.  Th is  was much more than the random f l u c t u a t i o n s  seen i n  any g i ven  
t e s t  (approx imate ly  t0.2 percent) .  It should be noted t h a t  t he  lowest readings 
occurred i n  t h e  f i r s t  t e s t  per iod,  and t h a t  w i t h o u t  t h i s  da ta  the range narrows 
t o  about f l  percent .  This may i n d i c a t e  a b r i e f  c o n d i t i o n i n g  pe r iod  a t  the 
onset o f  operat ion.  A l t e r n a t e l y ,  the d i f f e r e n c e  may be due simply t o  a l ack  
o f  exper imental  c o n t r o l  on o u t l e t  pressure, f l o w  r a t e ,  e t c .  C e r t a i n l y ,  how- 
ever, t he re  was no t r e n d  apparent i n  the data as readings taken on the l a s t  day 
o f  t e s t i n g  were seen t o  be near l y  co inc ident  w i t h  those taken i n  t h e  second 
t r i a l  a f t e r  on l y  2-1/2 h r  o f  t e s t i n g .  
Whi le the  mean va lue o f  
I n  the  f i n a l  t e s t ,  t he  gas analyzer was used t o  moni tor  t he  c a t a l y s t  bed 
output  f rom t h e  i n i t i a t i o n  o f  f l o w  t o  t he  at ta inment  o f  steady s t a t e .  For t h i s ,  
t he  hydrazine mass f l o w  r a t e  was se t  a t  a s p e c i f i c  value and then readjusted 
s l i g h t l y  over the  f i r s t  several  minutes o f  t h e  t e s t  i n  an at tempt t o  ma in ta in  
a constant  f low.  Both the  percentage o f  ammonia i n  the output  stream and the 
c a t a l y s t  bed temperature a r e  p l o t t e d  versus t i m e  i n  f i g u r e  7. The i n i t i a l  f l o w  
s e t t i n g  was h ighe r  than t h a t  a t  steady s t a t e .  Consequently, t h e  catalyst h ~ d  
temperature was h igher  e a r l y  on i n  the  t e s t  and t h i s  caused the  e f f i c i e n c y  t o  
decrease w i t h  t ime as the c a t a l y s t  bed cooled o f f .  From the  p l o t ,  i t  can be 
seen t h a t  t he  ammonia concentrat ion reached 90 percent  o f  i t s  steady s t a t e  
value i n  l ess  than 1 4  min and 99 percent o f  i t s  steady s t a t e  value w i t h i n  
24 min. The f i n i t e  t i m e  taken t o  reach steady s t a t e  i n d i c a t e s  t h a t  v a r i a t i o n  
i n  p r o p e l l a n t  composl t ion should be expected d u r i n g  t e s t i n g .  
impor tant  i n  a p p l i c a t i o n s  i n v o l v i n g  shor t  du ty  c y c l e  burns and i n  t h e  s imula- 
t i o n  of hydrazine decomposit ion products. 
T h i s  would be 
The water content,  as monitored by the  second channel on the analyzer ,  d i d  
The w a t e r  content  o f  t he  hydrazine was s p e c i f i e d  vary somewhat d u r i n g  t e s t i n g .  
as l ess  than 1 percent.  I n  most t e s t s ,  t he  reading va r ied  between 0.55 and 
0.65 percent .  Tests a t  low f l o w  rates,  i n  which the  percentage o f  ammonia i n  
the  f l o w  stream was high, produced readings as h i g h  as 0.95 percent.  One pos- 
s i b l e  exp lana t ion  i s  t h a t  an over lap o f  abso rp t i on  bands caused some i n t e r f e r -  
ence on the water channel. This would be expected t o  be n e g l l g i b l e  a t  low 
ammonia concentrat ions and increase as t he  ammonia content  increased. Fu r the r  
i n v e s t i g a t i o n  o f  t h i s  phenomena i s  i n  progress. 
CONCLUDING REMARKS 
An N D I R  gas analyzer was used t o  moni tor  t he  ammonia and water content  i n  
the  output  stream o f  a p rev ious l y  unused hydrazine gas generator t h a t  used 
S h e l l  405 as the c a t a l y s t .  The analyzer was e a s i l y  i n s t a l l e d  i n  the system, 
r e q u i r e d  no a t t e n t i o n  o the r  than minor p e r i o d i c  zero adjustment, and prov ided 
i n - s i t u  measurements o f  c a t a l y s t  bed e f f i c i e n c y  d i f f i c u l t  t o  o b t a i n  w i t h  o the r  
methods. The gas generator was found t o  operate i n  a s t a b l e  and repeatable 
fash ion  over the course o f  28 h r  o f  t e s t i n g  conducted over 3 months. Under t h e  
c o n d i t i o n s  o f  the t e s t s ,  t he  e f f i c i e n c y  o f  t he  c a t a l y s t  bed, as measured by the  
ammonia concentrat ion,  was found t o  be a s t rong  f u n c t i o n  o f  temperature f o r  
f l o w  r a t e s  f o r  which the  c a t a l y s t  bed temperature was l e s s  than about 450 O C .  
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A t  temperatures above t h i s ,  t o  the  convect ion l i m i t  of about 520 "C,  t h e  e f f i -  
c iency  was e s s e n t i a l l y  constant.  I n  the  t e s t s  designed t o  observe phenomena 
f rom onset o f  hydrazine f l o w  t o  t h e  steady s t a t e  ope ra t i ng  c o n d i t i o n  t h e  e f f i -  
c iency  was seen t o  decrease w i t h  t ime. Th is  was caused by e leva ted  c a t a l y s t  
bed temperatures due t o  i n i t i a l l y  e leva ted  f l o w  ra tes .  The slow e q u i l i b r a t i o n  
does i n d i c a t e  a need t o  account f o r  v a r i a t i o n s  i n  p r o p e l l a n t  composi t ion i n  
s h o r t  d u r a t i o n  burns and i n  s imu la t ions  o f  hydrazine decomposit ion products.  
Dur ing t h i s  per iod,  a steady r i s e  t o  the  e q u i l i b r i u m  c o n d i t i o n  was seen w i t h  
no spikes o r  excursions i n  the  concen t ra t i on  values. 
I n  the  range nf f l o w  r a t e s  t y p i c a l l y  used i n  a u x i l i a r y  p ropu ls ion  a p p l i c a -  
t i o n s  changes i n  f l ow  r a t e  on the  order  o f  0.5 lpm, the  minimum f l o w  r a t e  
necessary f o r  analyzer accuracy, d i d  change the  c a t a l y s t  bed e f f i c i e n c y  s i g -  
n i f i c a n t l y .  This i n d i c a t e s  t h a t ,  a t  these low f l o w  ra tes ,  ope ra t i on  o f  the  
analyzer and propu ls ion  system would have t o  be used a l t e r n a t e l y  f o r  r e a l i s t i c  
r e s u l t s .  For systems i n  which a change o f  0.5 lpm i s  n e g l i g i b l e  ( i . e . ,  h i g h  
t h r u s t  a p p l i c a t i o n s ) ,  t he  u n i t  cou ld  be used t o  p rov ide  a continuous mon i to r  
o f  t h e  c a t a l y s t  bed output.  
Studies o f  the gas generator ou tpu t  i n  a vacuum environment w i l l  be neces- 
sary t o  p rov ide  accurate i n f o r m a t i o n  f o r  experiments u t i l i z l n g  mix tu res  t o  
s imu la te  hydrazine decomposit ion products.  Extended t e s t i n g  w i l l  a l s o  p rov ide  
i n f o r m a t i o n  on v a r i a t i o n  i n  gas generator e f f i c i e n c y  as the  c a t a l y s t  bed nears 
end o f  l i f e .  
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TABLE I .  - GENERAL DESCRIPTION OF N D I R  ANALYSER 
General D e s c r i p t i o n s  
F u l l  19 i n .  rack  mountable u n i t  ( 1 9 x 6 ~ 1 4  d ) .  app rox ima te l y  30 l b s  
N D I R  o p t i c s  
S t a i n l e s s  s t e e l  gas t u b i n g  
Ser ies  gas pa th  connect ions  (can be arranged i n  p a r a l l e l )  
10  V ;  0 t o  20 mA s i g n a l  ou tpu ts  ( l i n e a r )  
110 V power requ i rement  
D i g i t a l  d i s p l a y s  
Thermostated o p t i c a l  p o r t i o n  a t  65 " C  
1/4" s t a i n l e s s  s t e e l  i n l e t / o u t l e t  connect ions  
S t a i n l e s s  s t e e l  screwed gas path connect ions  
TABLE 11. - SPECIFICATIONS OF N D I R  ANALYSER 
Zero d r i f t  . . . . . . . . . . . .  2 pe rcen t  f u l l  sca le  pe r  week 
Span d r i f t  . . . . . . . . . . .  0.3 pe rcen t  f u l l  sca le  pe r  week 
R e p e a t a b i l i t y  . . . . . . . . . . . . .  0.2 pe rcen t  f u l l  sca le  
L i n e a r i t y  . . . . . . . . . . . . . . . .  1 pe rcen t  f u l l  s c a l e  
Gas pressure  . . . . . . . . . . . . . . . . . . . . . .  0.5 BAR 
Gase temperature range . . . . . . . . . . . . . . .  0 t o  65 "C 
Sample gas f l o w r a t e  . . . . . . . . . . .  0.5 t o  2.5 i i t e r i m i n  
ReSDOnSe t ime  T9D . . . . . . . . . . . . . . . . . . .  1.8 se t  
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FIGURE 1. - PHOTOGRAPH OF THE HYDRAZINE/ANALYZER SYSTEM. 
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6 Abstract 
A gas analyzer  u t i l i z i n g  a nondispers ive i n f r a r e d  abso rp t i on  (NDIR) d e t e c t i o n  
s y s t e m  was used t o  monitor t h e  ammonia and water vapor content  o f  t h e  products  
o f  a p r e v i o u s l y  unused hydrazine gas generator.  This prov ided an i n - s l t u  measure- 
ment o f  t he  generators '  e f f i c i e n c y  d i f f i c u l t  t o  o b t a i n  by o the r  means. The ana- 
l y z e r  was e a s i l y  i n s t a l l e d  i n  both t h e  c a l i b r a t i o n  and hydraz ine systems, requ i red  
no malntenance other than p e r i o d i c  zero adjustments, and performed w e l l  f o r  
extended per iods i n  the  opera t i ng  range tes ted .  
smoothly and repeatably d u r i n g  t h e  28 h r  o f  t e s t i n g .  No major t r a n s i e n t s  w e r e  
observed on s t a r t u p  o r  d u r i n g  steady s t a t e  operat ion.  The amount o f  ammonia i n  
the  output  stream o f  t h e  gas generator was found t o  be a s t rong  f u n c t i o n  of tem- 
pe ra tu re  a t  c a t a l y s t  bed temperatures below 450 O C .  A t  temperatures above t h i s ,  
t he  e f f i c i e n c y  remained n e a r l y  constant.  
was found t o  decrease w i t h  t ime u n t i l  a steady s t a t e  value was a t t a i n e d .  
vated c a t a l y s t  bed temperatures I n  the  per iods be fo re  steady s t a t e  ope ra t i on  was 
found t o  be responsib le  f o r  t h i s  phenomena. 
The c a t a l y s t  bed operated 
On s t a r t u p  t h e  gas generator e f f i c i e n c y  
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